Manganese toxicity can cause a neurodegenerative disorder affecting cortical and basal ganglia structures with a neurological presentation resembling features of Parkinson's disease. Children are more sensitive to Mn-induced neurological dysfunction than adults, and recent studies from our laboratory revealed a marked sensitivity of male juvenile mice to neuroinflammatory injury from Mn, relative to females. To determine the role of estrogen (E2) in mediating sex-dependent vulnerability to Mn-induced neurotoxicity, we exposed transgenic mice expressing an NFkB-driven enhanced green fluorescent protein (EGFP) reporter construct (NF-kB-EGFP mice) to Mn, postulating that supplementing male mice with E2 during juvenile development would attenuate neuroinflammatory changes associated with glial activation, including expression of inducible nitric oxide synthase (NOS2) and neuronal protein nitration. Juvenile NF-kB-EGFP mice were separated in groups composed of females, males, and males surgically implanted with Silastic capsules containing 25 mg of 17-b-estradiol (E2) or vehicle control. Mice were then treated with 0 or 100 mg/Kg MnCl 2 by intragastric gavage from postnatal days 21-34. Manganese treatment caused alterations in levels of striatal dopamine, as well as increases in NF-kB reporter activity and NOS2 expression in both microglia and astrocytes that were prevented by supplementation with E2. E2 also decreased neuronal protein nitration in Mn-treated mice and inhibited apoptosis in striatal neurons cocultured with Mn-treated astrocytes in vitro. These data indicate that E2 protects against Mninduced neuroinflammation in developing mice and that NF-kB is an important regulator of neuroinflammatory gene expression in glia associated with nitrosative stress in the basal ganglia during Mn exposure.
Manganese (Mn) is an essential dietary element but exposure to high concentrations may result in neurological dysfunction with pronounced motor features resembling Parkinson's disease (Yamada et al., 1986) . Manganese-induced neurological injury, termed manganism, has primarily been studied in adults during occupational exposure; however, there is increasing interest in the effects of prolonged low-level exposure to Mn in children due to the widespread distribution of Mn in drinking water and elevated brain levels of Mn during chronic iron deficiency (Chua and Morgan, 1996) . The developing brain is more sensitive to Mn than the adult brain due to enhanced absorption of the metal, relatively lower biliary excretion, and the continued development of synapses throughout childhood until adolescence, particularly in the prefrontal cortex, all of which increase the potential for neurological injury from excessive exposures (Aschner et al., 2005; Rapoport and Gogtay, 2008; Tsujimoto, 2008) .
Information on the toxicity of Mn in orally exposed children is relatively scarce. Several reports indicate that neurological dysfunction occurs in children who drink water with high (>1000 lg/l) concentrations of Mn (Hafeman et al., 2007; Woolf et al., 2002) and a potential association has been reported between ingestion of elevated levels of Mn and learning deficits (Collipp et al., 1983; Pihl and Parkes, 1977) . Epidemiological evidence also supports a relationship between elevated Mn levels in water and neurotoxic effects in children. A Chinese study conducted in the province of Shanxi found that children aged 11-13 whose drinking water was contaminated with elevated levels of Mn (241-346 lg/l) performed more poorly in school and on neurobehavioral exams than control students (He et al., 1994) . Furthermore, studies conducted in Bangladesh (Wasserman et al., 2006) and in Quebec, Canada (Bouchard et al., 2007 (Bouchard et al., , 2011 , also reported that children who consumed drinking water with high levels of Mn had reduced standardized test scores (Wasserman et al., 2006) and exhibited increased hyperactive behavior (Bouchard et al., 2007) . More recently, studies in Mexico found that environmental exposure to Mn is inversely associated with intellectual function in young school-age children (Riojas-Rodriguez et al., 2010) . Additionally, studies in a cohort of children in Canada also suggested a possible gender difference between Mn exposure and IQ scores, with girls displaying an apparent decrease in susceptibility to neuro-cognitive impairment (Bouchard et al., 2011) .
Earlier studies from our laboratory demonstrated that Mn exposure in adult mice results in apoptotic loss of neurons in the striatum and globus pallidus that was associated with marked activation of astrocytes expressing high levels of inducible nitric oxide synthase (NOS2) . More recently, we reported that developing male mice are more sensitive than female mice to both neurobehavioral and neuropathological effects of Mn, consistent with hyperactivity (Moreno et al., 2009b) and with an associated increase in neuroinflammation and nitrosative stress throughout the basal ganglia (Moreno et al., 2009a) . The molecular basis for this observed sex-dependent differential susceptibility is not clear but may be a result of anti-inflammatory effects of E2 in female mice. The neuroprotective efficacy of E2 has been demonstrated by studies in mice exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA), where the presence of E2 prevented glial activation and loss of dopaminergic neurons (Callier et al., 2001; Murray et al., 2003; Tripanichkul et al., 2006) . Likewise, E2 supplementation in ovariectomized mice suppressed expression of NOS2 in astrocytes and prevented loss of dopaminergic neurons following MPTP treatment (Morale et al., 2006) . However, the role of E2 in regulating NOS2 expression in glia during exposure to Mn has not been previously investigated.
Expression of NOS2 is principally regulated by the transcription factor NF-jB (Xie et al., 1994 (Xie et al., , 1993 and studies from our laboratory reported that Mn stimulates cGMPdependent activation of NF-jB in astrocytes that potentiates the effects of inflammatory cytokines on expression of NOS2 (Moreno et al., 2008) . To determine if E2 directly modulates NF-jB activity in developing mice during exposure to Mn, we employed transgenic mice expressing an NF-jB-enhanced green fluorescent protein (EGFP) reporter construct to determine whether E2 supplementation in male mice during late postnatal development alters NF-jB activity and expression of NOS2. We postulated that E2 supplementation in developing male mice would inhibit NF-jB activation in glia and prevent neuroinflammatory gene expression. The results of these studies indicated that female mice are resistant to Mn during this developmental period and that E2 supplementation in male mice suppressed expression of NOS2 in glia and prevented subsequent neuronal injury through an NF-jB-dependent mechanism.
MATERIALS AND METHODS
Reagents. All chemical reagents were obtained from Sigma Chemical Co. (St Louis, MO) unless otherwise stated. NF-jB-EGFP mice (Magness et al., 2004) were kindly provided by Dr Christian Jobin, University of North Carolina at Chapel Hill. Primary antibodies for glial fibrillary acidic protein (GFAP) were from Dako Cytomation (Denmark) and Sigma (St Louis).
Antibodies for ionizing Ca 2þ
-binding adaptor molecule-1 (IBA-1) and inducible nitric oxide synthase (NOS2) were from Wako Chemicals Inc. (Osaka, Japan) and BD Biosciences (San Jose, CA), respectively. Primary antibodies to 3-nitrotyrosine (3-NTyr) were from Upstate (Charlottesville, VA) and major microtuble association protein 2 (MAP2) from Abcam (Cambridge, MA). AlexaFluor-555 and 647-labeled secondary antibodies were from Invitrogen (Eugene, OR). 4#,6-diamidino-2-phenylindole (DAPI) were from Vector Lab (Burlingame, CA).
Animal exposure model. Male and female NF-jB-EGFP mice were housed separately in microisolator cages and kept on 12-h light/dark cycles with access to laboratory chow and water ad libitum. Littermates were split into three groups; females, control males, and E2-exposed males (n ¼ 6). At day 19, each group had Silastic capsules (1.98 mm inner diameter 3 3.17 mm outer diameter) implanted subcutaneously on their back to deliver continuous circulating E2. The size of the Silastic capsules altered unrestrained movement in open-field activity assessments, which prevented acquisition of accurate behavioral data. Female and control males received capsules containing 25-ll safflower oil while the males supplemented with E2 received 25 lg of 17-b-estradiol benzoate suspended in 25 ll of safflower oil (1 lg E2/ll), similar to methods described previously (Kudwa et al., 2007; Tripanichkul et al., 2006) . All mice received 0.9% normal saline or 100 mg/Kg MnCl 2 by gastric gavage daily from day 21-34 postnatal, approximately equivalent to a 2-year-old child during the initial day of the juvenile exposure up to young adulthood by the end of the exposure period on day 34 (Dobbing and Sands, 1979; Flurkey et al., 2007; Koop et al., 1986) . We previously demonstrated that this age is highly sensitive to both the neurobehavioral and neuroinflammatory effects of Mn exposure (Moreno et al., 2009a (Moreno et al., , 2009b . Animals were weighed prior to each gavage, and the amount of Mn delivered was adjusted for the molar concentration in the tetrahydrate form to achieve a precise dose of 100 mg/ Kg Mn. Given that~5% of Mn 2þ is absorbed from the GI tract, the daily dose of Mn per animal was approximately 5 mg/Kg, which is up to 50-fold higher than recommended dietary levels in humans (Greger, 1998) . This is a plausible exposure model considering that Mn in soy-based infant formula can contain up to 300 lg/l Mn, approximately 50 times that of breast milk (Cockell et al., 2004; Krachler et al., 2000; Lonnerdal, 1994) , and long-term exposures to Mn are associated with adverse neurobehavioral and intellectual deficits in children from drinking water containing >300 lg/l Mn (He et al., 1994) , a level found in 6% of US domestic well water (Wasserman et al., 2006) . All procedures were performed under the supervision of the Animal Care and Use Committee at the Colorado State University and were approved prior to onset of the studies.
E2 serum level assay. Trunk blood was collected into tubes on ice with 20 ll of heparin to prevent clotting. Blood was centrifuged at 10,000 rpm at 4°C for 10 min. Following the centrifuge, serum was transferred to fresh tubes and stored at À80°C until radioimmunoassay could be performed for serum estradiol levels (Colorado State University, Animal Reproduction and Biotechnology Laboratory core facility).
Immunofluorescence. Mice were anesthetized by inhalation of isofluorane and perfused intracardially with 4% paraformaldehyde in 20mM cacodylate in PBS (pH 7.4). Subsequently, brains were collected and kept in 4% paraformaldehyde for 2 h, then transferred to 15% sucrose in 20mM cacodylate in PBS overnight followed by overnight incubation in 30% sucrose in 20mM cacodylate in PBS until frozen in OCT embedding medium. Brains were kept frozen at À80°C until coronal 10-lm serial sections were cut using a Microm HM 500 cyrostat. Coimmunofluorescence was utilized to examine protein expression in substantia nigra pars reticulata (SNpr) and striatum (ST). Primary antibodies to anti-GFAP (1:250) and anti-IBA-1 (1:100) were used in combination with anti-NOS2 (1:100) to examine gliosis. Anti-MAP-2 (1:500) antibody was utilized in combination with anti-3-NTyr (1:100) to detect levels of protein nitration in neurons. Specific protein epitopes were visualized with secondary antibodies conjugated with AlexaFluor dyes (555 nm or 647 nm emission maxima), and slides were mounted in media containing DAPI to identify cell nuclei. Images were acquired using either a Zeiss 203 or 403 air Plan Apochromatic objective with six microscopic fields examined per region from three serial sections, for a total of 18 microscopic fields that were averaged for each animal. Data from individual animals were averaged to yield three biological replicates (n ¼ 3). Images were acquired as a z-series with 1-lm step size. Final images are extrapolated from a maximum projection of each image plane. Quantitation of NOS2 and NF-jB in astrocytes and microglia was performed blindly by manual cell counts. Briefly, we recorded the number of total astrocytes and microglia as well as the number of astrocytes or microglia expressing NOS2 or NF-jB in each field, and percent expression was calculated. For quantification of 3-NTyr in neurons, sum intensity of 3-NTyr fluorescence in areas expressing 3-NTyr and MAP2 were acquired per field. Manual cell counts were not applicable due to dendritic staining by MAP2.
Determination of catecholamines and monoamine neurotransmitters. Brain samples were frozen in liquid nitrogen the day following treatment and stored at À80°C until sample preparation. Samples were prepared essentially as described previously (Moreno et al., 2009b) . Briefly, 5-10 mg of striatal tissue was dissected and sonicated in 0.2M perchloric acid. Twenty microliters of sample was utilized for total protein concentration via BCA protein assay. Levels of dopamine, 2-(3,4-dihydroxyphenyl)acetic acid (DOPAC), homovanillic acid (HVA), and serotonin (5-HT) were determined by high performance liquid chromatography with electrochemical detection as described in Moreno et al. (2009b) . Peak area was assessed in the samples and compared with those observed in the standards with values expressed as nanogram of neurotransmitter per milligram of total protein. Striatal hemispheres were processed from three separate animals from all treatment groups.
Primary cell cultures. Primary astrocytes were isolated from cortices of 1-day-old transgenic NF-jB-GFP mice as previously described (Aschner et al., 1992; Liu et al., 2006) . Cells were maintained in minimum essential medium (MEM) supplemented with 10% heat-inactivated fetal bovine serum, 50 units/ml penicillin, 50 ng/ml streptomycin, and 100 ng/ml neomycin (PSN) at 37°C, 5% CO 2 in a humidified atmosphere. Astrocytes were grown 18 days to maturity before use in experiments. Primary striatal neurons were isolated from 1-day-old transgenic NF-jB-GFP mice as described previously (Carbone et al., 2009 ) and grown on poly-D-lysine coated glass for 4-5 days prior to experimental use. Neurons were maintained in neurobasal media supplemented with B27, 2mM L-Glutamine and 1% PSN.
Nos2 mRNA expression. Exposure parameters for E2 was selected based upon data by Lee et al., (2009a Lee et al., ( , 2009b and optimized in our model. The astrocyte media was changed to charcoal-stripped serum to remove any residual estrogenic or other steroidal compounds. Then, the cells were exposed to either 20nM E2 or ethanol (vehicle control) for 32 h prior to a 4-h treatment of saline or 30lM MnCl 2 þ 10 pg/ml TNF-a and 1000 pg IFNc. These treatment conditions were previously demonstrated to result in robust induction of Nos2 mRNA, where relatively low micromolar doses of Mn potentiate the effects of inflammatory cytokines on neuroinflammatory gene expression (Moreno et al., 2008) . Following cell treatments, RNA was isolated using the Qiagen RNeasy Kit with on-column DNase digestion, and reverse transcribed using iScript (Biorad, Hercules, CA). Relative expression of Nos2 mRNA was measured by semiquantitative real-time PCR and was normalized to b-actin mRNA utilizing an iCycler thermocycler and SYBR green supermix (Biorad). The following primers from mouse Nos2 and b-actin coding sequences used: (Nos2) 5#-TCACGCTTGGGTCTTGTT-3#(forward), 5#-CAGGTCACTTTGGTAGGATT TG-3#(reverse) (NM_01927.3); (b-actin) 5#-GCTGTGCTATGTTGCTCTAG-3# (forward), 5#-CGCTCGTTGCCAATAGTG-3# (reverse) (NM_007393.3).
In vitro determination of NF-jB-EGFP activation. Primary astrocytes were isolated from NF-jB-EGFP reporter mice and treated with Mn and inflammatory cytokines in the presence of E2 or vehicle as described above for mRNA measurements. NF-jB activity was determined by live-cell imaging using a Zeiss 203 air Plan Apochromatic objective using SlideBook v 5.0 (Intelligent Imaging Innovations, Inc., Denver, CO). The percent of cells expressing EGFP was calculated and represented as fold induction relative to control. Three microscopic fields were examined from three individual coverslips of cells per treatment group. Data were averaged from at least three independent experiments.
Astrocyte-neuron coculture. Astrocytes were subcultured onto permeable inserts (pore size ¼ 0.4lM) at 10 4 /well for 3 days before coculture with neurons. Astrocytes were preincubated with 20nM E2 for 32 h prior to addition of 30lM MnCl 2 þ 10 pg/ml TNF-a and 1000 pg IFNc for an additional 24 h. Following the 24 h of exposure to Mn and cytokines in the presence of E2 or vehicle, astrocytes were washed with PBS and coincubated with primary striatal neurons for an additional 6 h. Subsequently, astrocyte inserts were removed and the neurons were visualized for several indices of apoptosis using 100lM Rhodamine-110 bis-(L-aspartic acid amide) to detect caspase activity, 50nM Annexin V-Alexa Fluor 647 to detect phosphatidyl serine accumulation and 2lM Hoescht 33342 to visualize nuclear morphology. Images were acquired using a 203 air Plan Apochromatic objective, ten microscopic fields were examined per treatment group over three independent experiments. Cell counts were acquired with differential interference contrast and DAPI. The sum intensity for active caspase and Annexin V signals were normalized to the number of cells in each field using SlideBook v 5.0.
Adenoviral-mediated expression of dominant-negative IjBa in cocultured astrocytes. In studies examining the role of NF-jB in astrocyte activation and NOS2 expression in vitro, NF-jB was inhibited by adenoviral-mediated overexpression of dominant-negative IjBa containing serine-to-alanine mutations at amino acids 32 and 36. Adenovirus was added at 1 3 10 6 viral particles per ml of culture media for 24 h (construct provided by Dr Christian Jobin, through the Vector Core at the University of North Carolina at Chapel Hill). Following incubation with virus for 24 h, media was removed, cells washed with PBS to remove viral particles, and charcoalstripped serum astrocyte medium was applied for 24 h prior to treatment. After incubation with virus, astrocytes were treated with Mn and cytokines for 6 h, media was removed and inserts with astrocytes were coincubated for 6 h with neurons. Parallel control experiments were done utilizing the same adenoviral construct expressing GFP. Neuronal apoptosis was evaluated by live-cell imaging as described above.
Statistical analysis. Comparison of two independent variables was performed by two-way ANOVA followed by a Bonferroni's post hoc test for in vivo studies using Prism software (v4.0c, Graphpad Software, Inc., San Diego, CA). p value is denoted in the following manner *p < 0.05, **p < 0.01, ***p < 0.001. Two-group comparisons between gender groups were evaluated using Bonferroni's post hoc test, with differences denoted by †, p < 0.05. Oneway ANOVA followed by the Tukey-Kramer multiple comparison post hoc test was used for in vitro studies (Prism software, v4.0c, Graphpad Software, Inc.). For all experiments, p < 0.05 was considered significant.
Results

Serum E2 Levels and Brain Mn Concentrations in NF-jB-EGFP Mice
Serum from mice exposed to Mn for 2 weeks was analyzed for E2 levels by radioimmunoassay. Male mice supplemented with E2 had a significant increase in levels of serum E2 compared with unsupplemented males and to Mn-treated females implanted with control capsules (Fig. 1) . E2 levels in saline-treated females were not significantly different from those in Mn-treated females, despite an apparent decreasing trend. Moreover, serum E2 levels in saline-treated females were not different from serum E2 levels in E2-supplemented males. Levels of Mn were significantly increased the substantia nigra and cortex in Mn-treated mice, indicating that there were no differences in uptake of Mn between treatment groups (Supplementary fig. 1 ). No changes were detected in iron or copper levels in any groups with or without Mn treatment (data not shown).
E2 Prevents Mn-Induced Changes in Striatal Dopamine
Striatal dopamine levels were significantly increased in Mntreated male mice implanted with control capsules, whereas Mn-treated male mice supplemented with E2 had dopamine levels similar to the saline-treated male mice ( Fig. 2A , p < 0.05). Levels of the dopamine metabolite, DOPAC, were unchanged in male mice following exposure to 100 mg/Kg Mn in the absence of E2, although a nonsignificant decreasing trend was noted (Fig. 2B ). Mice supplemented with E2 had no change in DOPAC levels between saline and Mn-treated groups. The DOPAC/dopamine ratio was significantly reduced in male mice following exposure to 100 mg/Kg Mn in the absence of E2 (Fig. 2C , p < 0.05). There were no significant differences in dopamine or DOPAC levels between treatments in female mice ( Figs. 2A-C) , and no significant changes were detected in levels of serotonin or 5-hydroxyindoleacetic acid (5-HIAA) in the striatum in any treatment group (data not shown).
E2 Suppresses Glial Inflammatory Signaling
In order to determine the effect of E2 on Mn-induced neuroinflammatory activation of glia, intrinsic NF-jB activity and expression of NOS2 were assessed by coimmunofluorescence in both microglia and astrocytes in NF-jB-EGFP reporter mice. The SNpr and ST were the primary brain regions examined due to the known sensitivity of these nuclei to Mn in both humans and animal models (Olanow, 2004; Yamada et al., 1986) . Representative images from the SNpr demonstrate that Mn increases expression of NOS2 and NF-jB-EGFP in GFAP-positive astrocytes in male mice, which is attenuated with E2 supplementation (Figs. 3A-C) . Quantitative analysis of cell-specific expression of each neuroinflammatory marker indicated that expression of NF-jB-EGFP was not increased in striatal astrocytes in any treatment group (Fig. 3D) , whereas expression of NOS2 was increased in striatal astrocytes in male mice exposed to 100 mg/Kg Mn that was prevented by supplementation with E2 (Fig. 3E) . However, activation of NFjB and expression of NOS2 was strongly increased in GFAPpositive astrocytes in the SNpr (***, p < 0.001) that was decreased to control levels by E2 (Figs. 3F and 3G ). Direct post hoc comparison of the Mn-treated male groups indicates a significant decrease in expression of both inflammatory markers in the SNpr ( †, p < 0.05) in the presence of E2   FIG. 1 . Administration of exogenous E2 to juvenile male mice increases serum E2 to physiologic levels observed in age-matched female mice. Female mice and control male mice had Silastic capsules with safflower oil (vehicle control) inserted subcutaneously at day 19 postnatal, whereas a subgroup of male mice received 25 lg of 17-b-estradiol. No statistical change was observed between female mice and unsupplemented male mice. Supplementation of E2 in male mice caused a significant increase in serum E2 levels compared with unsupplemented males and Mn-treated females. Differences between groups were analyzed by two-way ANOVA with Bonferroni's post hoc test. Different lettering denotes statistical differences in mean value (p < 0.001, ±SEM).
FIG. 2. E2 protects against
Mn-induced changes in striatal dopamine in juvenile male mice. (A) In the absence of E2, Mn-treated male mice had a significant increase in striatal dopamine, whereas male mice supplemented with E2 have no significant changes in dopamine levels. (B) The dopamine metabolite, DOPAC, was not significantly altered within any group, although a decreasing trend was noted in unsupplemented male mice. (C) The DOPAC/ dopamine ratio was decreased in Mn-treated males in the absence of E2. Differences between groups were analyzed by two-way ANOVA with Bonferroni's post hoc test. Statistical significance in mean value is denoted by * (p < 0.05, ±SEM).
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MORENO, ET AL. (Figs. 3F and 3G ). Mn treatment in female mice resulted in a slight increase in the percentage of astrocytes expressing NOS2 in the SNpr compared with saline-treated females (Fig. 3G) . No change in expression of the NF-jB-EGFP reporter was detected in astrocytes from female mice in either brain region.
E2 also inhibited Mn-induced increases in expression of NOS2 and NF-jB-EGFP in microglia (Fig. 4) . Representative images of IBA-1-positive microglia from the SNpr indicate that Mn treatment increased both NOS2 and NF-jB-EGFP expression (Figs. 4A-C) , although colocalization of these markers was less robust than that observed in astrocytes, and   FIG. 3 . E2 decreases Mn-induced activation of NF-jB and expression of NOS2 in astrocytes in transgenic NF-jB-EGFP reporter mice. Astrocyte-specific expression of the NF-jB-EGFP reporter and NOS2 was assessed via coimmunofluorescence in the ST and SNpr of mice exposed to Mn. Images of GFAP, NF-jB-EGFP, and NOS2 expression are shown in purple, green, and red channels, respectively, whereas cell nuclei are highlighted by staining with DAPI in blue. Representative images from the SNpr are presented from male control mice (A), those treated with 100 mg/Kg Mn (B), or 100 mg/Kg Mn with E2 (C). Merged images indicate colocalization of NF-jB-EGFP and NOS2 expression in GFAP-positive astroglia. Quantitative analysis reveals the percent of GFAP-positive cells expressing NF-jB-EGFP in the ST (D) and SNpr (F), and the percent of GFAP-positive cells expressing NOS2 in ST (E) and SNpr (G). For statistical analysis, two-way ANOVA was used with Bonferroni's post hoc test to determine significance between treatment groups (*p < 0.05, ** p< 0.01, ***p < 0.001, ±SEM) and between Mn-treated male mice ( † p < 0.05, ±SEM). Images were acquired as a z-series using a 403 air Plan Apochromatic objective. Scale bar ¼ 10 lm.
MANGANESE-INDUCED NF-KB ACTIVATION AND NITROSATIVE STRESS
the absolute number of detectable microglia was substantially lower than astrocytes. Quantitative analysis revealed that expression of NF-jB-EGFP was increased in striatal microglia in Mn-treated male mice (***, p < 0.001) that was prevented by E2 ( Fig. 4E ) ( †, p < 0.05), as was expression of NOS2 (Fig. E) . Likewise, Mn-induced expression of both NF-jB-EGFP and NOS2 in microglia within the SNpr was decreased by E2 (Figs. 4F and 4G) . Interestingly, expression of the NF-jB-EGFP reporter also increased with E2 supplementation in control male mice in microglia within the SNpr, although the percentage of microglia expressing EGFP was still less in Mn-treated male mice supplemented with E2 than in those without E2.
FIG. 4. E2 decreases
Mn-induced activation of NF-jB and expression of NOS2 in microglia in transgenic NF-jB-EGFP reporter mice. Microglial-specific expression of the NF-jB-EGFP reporter and NOS2 was assessed via coimmunofluorescence in the ST and SNpr of mice exposed to Mn. Images of IBA-1, NF-jB-EGFP, and NOS2 expression are shown in purple, green, and red channels, respectively, and cell nuclei are highlighted by staining with DAPI in blue. Representative images of the SNpr are presented from male control mice (A), those treated with 100 mg/Kg Mn (B), or 100 mg/Kg Mn with E2 (C). Merged images indicate colocalization of NF-jB and NOS2 expression in IBA-1 positive microglia in mice exposed to Mn. Quantitative analysis reveals the percent of IBA-1 positive cells expressing NF-jB in ST (D) and SNpr (F), and the percent of IBA-1 positive cells expressing NOS2 in ST (E) and SNpr (G). For statistical analysis, two-way ANOVA was used with Bonferroni's post hoc test (**p < 0.01, *** p < 0.001, ±SEM) and between Mn-treated male mice ( † p < 0.05, ±SEM). Images were acquired as a z-series using a 403 Plan Apochromatic objective. Scale bar ¼ 10 lm.
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E2 Attenuates Mn-Induced Neuronal Protein Nitration
Neuronal protein nitration was examined in serial sections from the SNpr by coimmunofluorescence staining for MAP2, a general neuronal marker, and 3-nitrotyrosine (3-NTyr), a measure of NO/ONOO protein adduct formation (Fig. 5) . Colocalization of 3-NTyr and MAP-2 is depicted in representative images from the SNpr of male mice exposed to Mn in the presence or absence of E2 (Figs. 5A-C) . Low levels of 3-NTyr adducts were detected in control males (Fig. 5A) , however exposure to 100 mg/Kg Mn (Fig. 5B) resulted in large increases in immunofluorescence staining for 3-NTyr protein adducts in MAP-2-positive neurons. Exposure to 100 mg/Kg Mn in males supplemented with E2 decreased neuronal 3-NTyr staining to control levels (Fig. 5C ). Quantitation of 3-NTyr staining in SNpr neurons (Fig. 5D ) indicated a significant increase in neuronal protein nitration in male mice treated with 
, an oxidative by-product from increased production of NO by activated glia, serial sections from the SNpr of juvenile mice were stained with antibodies against the neuronal marker MAP2 (green) and 3-NTyr (red) and were counterstained with DAPI to identify cell nuclei (blue). Representative images of the SNpr are presented from control mice (A), those treated with 100 mg/Kg Mn (B), and 100 mg/Kg Mn with E2 (C). Merged images indicate colocalization of 3-NTyr adducts with both neuronal soma and dendrites in the SNpr of Mn-treated mice. Scale bar ¼ 10 lm. Quantitative analysis reveals the sum intensity of 3-NTyr fluorescence within MAP2-positive cells (D). Data were analyzed using two-way ANOVA with Bonferroni's post hoc test (** p < 0.01), and a post hoc test was completed between gender groups ( † p < 0.05, ±SEM). Images were acquired as a z-series using a 633 Plan Apochromatic objective. Scale bar ¼ 10 lm.
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127 100 mg/Kg Mn in the absence of E2 (**, p < 0.01) but not between treatments in females or males supplemented with E2 ( †, p < 0.05).
E2 Inhibits Expression of NOS2 in Primary Astrocytes In Vitro and Astrocyte-Dependent Apoptosis in Striatal Neurons
To further explore mechanisms underlying the neuroprotective efficacy of E2, we examined the capacity of E2 to modulate expression of NOS2 in primary cultured astrocytes.
We previously reported that low micromolar levels of Mn were sufficient to potentiate expression of NOS2 induced by the inflammatory cytokines tumor necrosis factor alpha and interferon gamma (TNF-a/IFNc) (Moreno et al., 2008) . Accordingly, preincubation with 20nM E2 prior to treatment with Mn and TNF-a/IFNc significantly suppressed expression of Nos2 mRNA but not completely to control levels (p < 0.05, Fig. 6A ). E2 also prevented activation of NF-jB in primary astrocytes isolated from NF-jB-EGFP reporter mice (Fig. 6B) , as determined by live-cell fluorescence imaging. Reporter activity was increased in transgenic astrocytes following 6 h exposure to 30lM MnCl 2 þ TNF-a/IFNc. This expression was not prevented by cotreatment with vehicle (ethanol) but was reduced to control levels in astrocytes primed by pretreatment with 20nM E2 (p < 0.001).
The capacity of E2 to inhibit Mn-induced neuronal apoptosis was determined in coculture studies (Fig. 7) . Astrocytes cultured in permeable transwell inserts were primed by preexposure to 20nM E2 or vehicle and then exposed to saline or 30lM MnCl 2 þ TNF-a/IFNc for 24 h. Following Mn exposure, astrocytes were incubated with primary striatal neurons for 6 h and apoptosis was evaluated by live-cell imaging for activation of caspases and binding of Annexin V. Astrocytes exposed to Mn and cytokines caused a significant increase in markers of apoptosis in striatal neurons that was inhibited by 20nM E2 but not by the ethanol vehicle control (Figs. 7A-J) . To address the role of NF-jB activation in astrocytes as a mediator of neuronal injury during Mn exposure, coculture studies were also conducted with adenoviral-mediated overexpression of a dominant-negative mutant of IjBa, which inhibits activation of NF-jB and expression of NOS2 in astrocytes (Figs. 7K and 7L ). Astrocytes exposed to Mn and cytokines in the presence of a control adenoviral vector induced activation of caspases (Fig. 7K ) and increased Annexin V staining (Fig. 7J ) in cocultured neurons that was prevented by overexpression of dominant-negative IjBa.
DISCUSSION
Activated microglia and astrocytes produce proinflammatory mediators such as NO, prostaglandins, TNF-a, and IL-1b that potentiate neuronal injury in multiple neurodegenerative disorders (Carreno-Muller et al., 2003; Hirsch and Hunot, 2000; Wu et al., 2002) , including manganism (Aschner et al., 2009; Spranger et al., 1998) . Studies of Mn neurotoxicity in rodent models have reported sex-dependent susceptibility to Mn (Miller et al., 1998) but the mechanisms by which E2 modulates neuroinflammatory gene expression in glia during developmental exposure are poorly characterized. In order to examine E2-dependent regulation of glial inflammatory signaling during Mn exposure in vivo, we utilized NFjB-EGFP reporter mice to determine the effects of E2 on FIG. 6 . E2 inhibits expression of Nos2 mRNA and activation of NF-jB in primary astrocytes exposed to Mn and inflammatory cytokines. (A) Nos2 mRNA expression was increased in astrocytes exposed to 30lM Mn þ TNFa/IFNc but was reduced by pretreatment with 20nM E2. (B) Activation of NFjB was determined by live-cell fluorescence imaging in astrocytes isolated from transgenic NF-jB-EGFP mice. NF-jB-EGFP reporter activity was significantly increased by treatment with Mn þ TNF-a/IFNc and reduced to control levels with pretreatment of 20nM E2. Differences between groups were determined using one-way ANOVA followed by the Tukey-Kramer multiple comparison post hoc test, significance is denoted by differing letters (p < 0.05, ±SEM). D and H) . Quantitative analysis reveals a significant increase in caspase activity and Annexin V with Mn þ TNF-a/IFNc and vehicle control, which was prevented by pretreatment with E2 (I and J). Overexpression of mutant IjBa (S32/36A) in astrocytes, a dominant-negative ''super-repressor'' of NF-jB, significantly decreased caspase activity and Annexin V in cocultured neurons (K and L) . Differences between groups were determined using one-way ANOVA followed by the Tukey-Kramer multiple comparison post hoc test, significance is denoted by differing letters (p < 0.05, ±SEM). Images were acquired using a 403 Plan Apochromatic objective. Scale bar ¼ 20 lm.
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129 NF-jB activation and NOS2 expression in microglia and astrocytes. The data presented here indicate that E2 modulates Mn-induced glial activation and expression of NOS2 through the NF-jB pathway and subsequently reduces neuronal protein nitration.
Manganese levels in the basal ganglia of developing mice increased by 2-3 fold, comparable to results obtained in previous studies conducted in rodents from our group (Moreno et al., 2009b) and others (Kern et al., 2010) , as well as results obtained in non-human primates exposed to Mn (Guilarte et al., 2006) . The data in Figure 1 indicate that supplementing juvenile male mice with E2 raised serum levels comparably to those in age-matched female mice. Endogenous E2 levels showed a decreasing trend in female mice exposed to Mn, suggesting that Mn potentially alters neuroendocrine function in juvenile female mice. This finding is consistent with reported effects of Mn on the hypothalamicpituitary axis in prepubertal female rats, where oral exposure to Mn altered patterns of luteinizing hormone-releasing hormone (LHRH) secretion (Lee et al., 2007) .
Alterations in dopamine and the dopamine/DOPAC ratio in the striatum were prevented in estrogen-supplemented juvenile male mice exposed to Mn (Fig. 2) , whereas female mice had no significant changes in dopamine or its metabolites. Dopamine levels increased in Mn-treated male mice in the absence of supplementation with E2, similar to earlier studies from our laboratory reporting both increased striatal dopamine levels and hyperactivity in juvenile mice exposed to Mn (Moreno et al., 2009b) . A recent study by Kern et al. (2010) also indicated hyperactivity and behavioral disinhibition in open field activity assays in preweaning juvenile mice exposed to Mn that correlated with decreased striatal levels of the dopamine transporter and D1/D2 dopamine receptors. Other recent studies in cultured dopaminergic neuronal cells indicated that acute exposure to Mn increased the activity of tyrosine hydroxylase, suggesting a mechanism by which exposure to Mn could enhance dopamine production in the absence of any change in protein expression, at least for shorter duration exposures (Zhang et al., 2011) . The present observations are also consistent with other reports demonstrating alterations in striatal dopamine following Mn exposure (Guilarte et al., 2006; Moreno et al., 2009b) and with the neuroprotective effect of E2 on catecholamine levels in models of 6-OHDA and MPTP neurotoxicity (D'Astous et al., 2003; Dluzen et al., 1996; Murray et al., 2003; Ramirez et al., 2003) . The capacity of E2 to suppress neuroinflammation may therefore underlie its protective effect on striatal dopamine levels in Mn-treated mice, similar to earlier studies demonstrating that E2 prevented NOS2 expression in astrocytes and subsequent dopaminergic neurotoxicity in mice exposed to MPTP (Morale et al., 2006) . Thus, inflammatory activation of glia during Mn exposure may be etiologically linked to alterations in dopamine levels and to ensuing behavioral disinhibition.
Inflammatory activation of microglia and astrocytes is linked to expression of NOS2 during Mn neurotoxicity both in vitro and in vivo (Liu et al., 2009 Moreno et al., 2008 Moreno et al., , 2009a but the basis for the relative resistance of female mice to Mn-induced neuroinflammation has not been demonstrated. Using morphometric analysis and fluorescence colocalization studies, it was determined that Mn caused an increase in activation of NF-jB and expression of NOS2 in GFAP-positive astrocytes and IBA-1-positive microglia in the ST and SNpr of male NF-jB-EGFP mice, which was reversed by supplementation with E2 (Figs. 3 and 4) . Expression of NOS2 in activated glia, particularly in astrocytes, causes neuronal protein nitration during MPTP neurotoxicity (Liberatore et al., 1999) that is antagonized by E2 (Morale et al., 2006) . These data suggest a similar mechanism may occur during Mn intoxication because expression of NOS2 was detected much more robustly in astrocytes than in microglia within the basal ganglia, although this may be due in part to temporal differences in activation of each cell type. Microglia typically activate earlier than astrocytes and slowly return to a quiescent state (Liberatore et al., 1999) , which may explain why imaging studies following 2 weeks exposure to Mn detected stronger colocalization of both the NFjB-EGFP reporter and NOS2 in astrocytes compared with microglia (Figs. 3 and 4) and why greater variability was noted in the expression of each neuroinflammatory marker in microglia. The SNpr was notably more susceptible than the ST to the neuroinflammatory effects of Mn at this stage of development, based upon reactivity data for both microglia and astrocytes. It will be critical in future studies to conduct a more careful analysis of the regional and kinetic differences in activation of microglia and astrocytes to better understand the role of each cell type in the progression of the neuroinflammatory lesion caused by excess Mn.
The functional effect of NOS2 induction on neuronal pathology was determined by evaluating levels of 3-nitrotyrosine (3-NTyr) protein adducts in basal ganglia neurons following Mn exposure. Increases in nitrosative stress seen in the SNpr reflect the known sensitivity of this brain region to Mn-induced glial activation, recently reviewed by Aschner et al. (2009) . Although control males had low levels of 3-NTyr adducts (Fig. 5A ), exposure to Mn (Fig. 5B) resulted in large increases in immunofluorescence staining for 3-NTyr in the SNpr, whereas exposure to Mn þ E2 reduced 3-NTyr adduct levels in MAP2-positive neurons to that of control animals (Fig. 5C ). These findings are consistent with our previous observations that Mn increases neuronal protein nitration in interneurons of the basal ganglia in developing mice Moreno et al., 2009a) and with other studies demonstrating that E2 administration reduced glial activation and 3-NTyr adduct formation in dopaminergic neurons (Tripanichkul et al., 2007 (Tripanichkul et al., , 2006 . These findings further support the assertion that E2 may prevent neurochemical and neurobehavioral alterations in Mn-treated juvenile mice at least in part by inhibiting neuroinflammatory activation of glia and subsequent nitrosative stress in neurons within the basal ganglia.
The data in Figures 6 and 7 also support regulation of NOS2 as an important mechanism of E2-mediated neuroprotection because E2 reduced Mn-induced expression of Nos2 mRNA in astrocytes in vitro and protected striatal neurons from apoptosis 130 MORENO, ET AL. during coculture with Mn-activated astrocytes through an NFjB-dependent pathway (Figs. 6 and 7) . Inhibition of NF-jB in cultured astrocytes using dominant-negative IjBa protected striatal neurons from Mn-dependent apoptosis (Figs. 7K and 7L ), paralleling the in vivo findings in NF-jB reporter mice that E2 supplementation decreased Mn-induced expression of EGFP and NOS2 in astrocytes, as well as neuronal protein nitration. Related studies found that both E2 and tamoxifen reduced Mn-induced cytotoxicity in neurons and astrocytes (Lee et al., 2009b) . These findings suggest that E2 may regulate the transcriptional activity of NF-jB but further studies are required to determine the requirement for the estrogen receptor (ER) or other transcriptional regulatory proteins in E2-mediated suppression of NOS2 and other NF-jB-regulated neuroinflammatory genes. Interestingly, it was reported that ERa can recruit nuclear corepressor proteins that inhibit NF-jB-mediated expression of NOS2 by preventing p65 binding (Ghisletti et al., 2009) . Collectively, these studies suggest a plausible mechanism by which E2 could suppress Mninduced expression of NOS2 in microglia and astrocytes in vivo by promoting interactions between ERa/b and nuclear corepressors that prevent NF-jB-dependent transcriptional activation.
In conclusion, these data indicate that NF-jB activation occurs in vivo in astrocytes and microglia during Mn exposure and this activity coincides with cell-specific increases in expression of NOS2 and increases in neuronal protein nitration in the basal ganglia. The capacity of E2 to prevent these neuroinflammatory changes in vivo and to protect co-cultured neurons from astrocyte-mediated apoptosis in vitro has several implications for understanding the mechanism of Mn neurotoxicity in developing animals. First, the presence of E2 may confer a higher basal level of resistance to the neuroinflammatory effects of Mn and may at least partly explain the notable sensitivity of developing mice to Mn-induced neurological dysfunction and neuroinflammatory activation of glia (Kern et al., 2010; Moreno et al., 2009a Moreno et al., , 2009b . Second, these data strongly implicate NF-jB activation in glial cells as a mediator of nitrosative stress in neurons during Mn exposure. Finally, the identification of E2 as a modulatory factor of glial inflammatory activation provides insight into mechanisms underlying sex-dependent vulnerability to Mn neurotoxicity in children and suggests that therapeutic interventions targeting these neuroinflammatory changes could be useful approaches for treating the effects of Mn exposure.
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